Background. To our knowledge, the impact of a nutrition education program combined with an increase in bioavailable dietary iron to treat iron-deficiency anemia has never been studied in adolescent girls.
Introduction
Iron-deficiency anemia is the most common nutritional deficiency in the world, especially among women of reproductive age in developing countries [1] . In adolescent girls, it is associated with reduced physical endurance, impaired immune response, and decreased cognitive performance [2, 3] . Thus, the scale and magnitude of iron-deficiency anemia, combined with the functional impact such deficiency has on the quality of life, both physiologically and socioeconomically, require the urgent adoption of known and effective measures to tackle this critical problem [4] .
Like many developing countries, the West African country of Benin is no exception. The overall prevalence of iron deficiency among menstruating women aged 23 to 40 years has been estimated at 34% to 41% [5, 6] . A recent Micronutrient Initiative/UNICEF report [7] indicated a prevalence of iron-deficiency anemia of 65% in Beninese women aged 15 to 49 years. Deficiencies of other micronutrients, such as iodine and vitamin A, coexist with iron deficiency and constitute major public health problems in Benin [7] . Although the prevalence of goiter is not high at the national level (< 5%), there are areas with a very high prevalence, such as Mono, where 69% of women of childbearing age are affected. The overall prevalence of low serum retinol among children 1 to 3 years old is 83% in the north and 64% in the south.
Inadequate iron intake is also widespread, because staple diets are usually monotonous and consist 25 Dietary intervention and iron status of adolescents predominantly of cereals (maize) and roots (cassava), accompanied by small quantities of meat, fish, and fruit [8, 9] . Alaofè et al. [10] found that the intake of absorbable iron was highly and positively associated with hemoglobin concentration in a group of 100 adolescent girls. This result is in agreement with that of Vitolo and Bortolini [11] , who found that a diet with high iron bioavailability protects against anemia among Brazilian children aged 12 to 16 months.
Improving the diet has advantages over other strategies for reducing iron deficiency with regard to compliance, long-term acceptability, cost-effectiveness, risk of iron overload, and a beneficial effect on the iron intake of families [4, 12] . Dietary improvement can alleviate several micronutrient deficiencies simultaneously, without the risk of antagonistic interactions; however, it is often criticized because it is considered too difficult to apply or because it is a long-term strategy [4, 12] . A high-iron diet combined with dietary counseling has the potential to improve the iron status of women. However, to our knowledge, only three studies have been carried out in menstruating women: one in adolescent girls by Creed-Kanashiro et al. in Peru (n = 65) [13] and two in adult women, one by Heath et al. in New Zealand (n = 22) [14] and one by Patterson et al. in Australia (n = 22) [15] . Thus, studies showing the impact of dietary modification and diversification, which simultaneously enhance the content and bioavailability of dietary iron, are urgently required. The aim of this study was to assess the impact of a multidietary strategy combining nutrition education and an increase in the content and bioavailability of dietary iron to treat iron-deficiency anemia in 34 adolescent boarding-school girls from Benin compared with 34 control adolescent girls.
Subjects and methods

Subjects
This study was carried out in two boarding schools in South Benin: Lycée Toffa 1er in Porto-Novo (intervention group) and CEG1 Bertand Dagnon in Ouidah (control group). The schools were not randomly chosen but were selected from among six boarding schools located in six different departments in Benin. The selected schools are about 30 minutes from the laboratory that performed all blood analyses for the study, whereas the other schools are at least 2 hours from the laboratory. Lycée Toffa 1er of Porto-Novo was chosen as the intervention school because a previous study carried out at this school in 2003 made it easier for the administrative personnel to rapidly accept this multidietary strategy [10] . However, in the 2003 study, the prevalence of iron-deficiency anemia was assessed and no nutrition intervention study was performed.
These two schools had similar cafeteria menus and local food supplies, and they are 70 km apart from each other, which prevented contamination of education messages.
To be eligible for inclusion in the study, girls had to be 12 to 17 years of age with no major illnesses, not pregnant, with regular menstruation, and with mild iron-deficiency anemia. Iron deficiency was defined as either a serum ferritin level of less than 20 µg/L or a serum ferritin level of 20 to 50 µg/L plus two of the following three features: low serum iron (< 11 μmol/L), high total iron-binding capacity (TIBC) (> 68 μmol/L), or low transferrin saturation (< 20%). Mild irondeficiency anemia was defined as iron deficiency plus a hemoglobin level between 100 and 120 g/L [15, 16] .
Blood samples were obtained at baseline from 180 girls aged 12 to 17 years: 80 girls in the intervention school and 100 girls in the control school. Thirty-four girls in the intervention school and 40 girls in the control school met the criteria listed above. Two control girls were eliminated during the study (between the 9th and 11th weeks) because their hemoglobin level decreased below 100 g/L, whereas four other girls were eliminated at random at the end of the study to yield an equal number of participants in both groups. A sample of 32 girls in each boarding school was required to show a statistically significant difference in the prevalence of iron-deficiency anemia between groups with a power of 80% and α = 0.05 [13] . The participants were requested not to take iron or vitamin C supplements during the study and not to donate blood.
Study design
This study was conducted with the use of a quasiexperimental design. Each girl was interviewed by the first author with the use of a standardized questionnaire that had been pretested in 20 adolescent girls from a third school (CEG Djassin). Anthropometric measurements were performed and blood and fecal samples were taken. After confirmation of iron status, a baseline dietary assessment using one 48-hour recall was obtained from each participant in both groups. A 26-week multidietary strategy, which included four nutrition education lessons conducted over a 4-week period, followed by an increase in the content and bioavailability of dietary iron in the cafeteria menu for 22 weeks, was implemented in the intervention school, but not in the control school. All measurements mentioned above were repeated at the end of the 22-week period in both schools, and an additional blood test was performed between the 9th and 11th weeks in the control group to eliminate girls with a hemoglobin level less than 100 g/L. One 24-hour dietary recall was also performed between the 5th and 6th, 10th and 11th, and 15th and 16th weeks during the 22-week improvement of the menu in the intervention school, and one 24-hour recall was obtained between the 9th and 11th weeks in the control group. Finally, one 48-hour recall was obtained in both groups at the end of the trial.
All participants in both schools were treated initially with an anthelmintic drug (Vermox [Mebendazole]) and an antimalarial drug (Chloroquine, Fansida, or Arinate). Also, both schools gave adolescent girls the same anthelmintic drug (Vermox® (Mebendazole)) monthly thereafter and when new infections occurred during the study. Girls who were not selected to participate in the study but who were diagnosed with irondeficiency anemia (n = 8), intestinal parasitic infections (n = 56), or malaria (n = 74) received appropriate treatment. Control girls received the nutrition education lessons at the end of the 22-week period. Informed oral (witnessed) or written consent was obtained from both parents for their child to participate in the study. Approval was obtained from the Ethical Committee of Laval University and the Departmental Direction of Primary and Secondary Education of the concerned departments in Benin.
Improvement of the menu in the intervention school
A formative research project was conducted and is described elsewhere; its goal was to collect information that was used to develop this intervention program.
To determine the target median intake of absorbable iron, we used the framework developed in the Dietary Reference Intakes [17] . We chose a 10% prevalence of inadequacy instead of 25%, 50%, 75%, or 95% as an acceptable planning goal because of the negative consequences of iron-deficiency anemia in adolescent girls. This means that we accept that 10% of the intervention adolescent girls will have usual available iron intakes less than the estimated average requirement (EAR). This prevalence of inadequacy was realistic for Benin. Then, we determined the target usual nutrient intake distribution from data on the distribution of usual dietary intakes of bioavailable iron in 100 Beninese adolescent girls [10] . The difference between the EAR of 1.5 mg/day and the observed intake at the 10th percentile (0.79 mg/day) was 0.71 mg of absorbable iron. Thus, the median of the current intake distribution was shifted up by 0.71 mg, so the target median intake of absorbable iron was 1.86 mg/day.
Because breakfast always consisted of maize pap, bread with milk chicory and sugar, the target median intake of 1.90 mg of absorbable iron per day was distributed between lunch and dinner. The midday meal consisted of rice with beans (atassi), sardines, fried mackerel, or meat and was usually eaten with tomato sauce or spicy rice was served (rice cooked with tomato paste). The most common side dishes were beans with cassava flour (gari), spicy maize patties (amiwo) with tomato sauce and poultry, and spicy spaghetti with fried mackerel or beef. Dinner often consisted of maize patties (wo, akassa) accompanied by a spicy sauce or vegetable (okra, crain-crain, spinach) and fried mackerel, whereas rice was served with tomato sauce and sardines or fried mackerel. Left over foods from the midday meals were also served at dinner time. Fruits were not offered. Modifications to this diet are presented elsewhere.* Briefly, iron-containing foods (beef, liver, poultry, and lentils) and foods known to enhance nonheme iron absorption (fish and fruits) were increased, whereas coffee-known to inhibit nonheme iron absorption-was decreased. Also, food-preparation techniques such as soaking of dried beans to reduce the phytate content and avoiding the destruction of vitamin C by cooking foods for shorter periods of time and in less water were established. Finally, modification of eating patterns (number of meals, time of meals, main meal for lunch and/or dinner) was proposed to improve the quality of the diet. The ultimate goal of the study was to increase the meal content of absorbable iron at the lowest cost possible. (For example, meat could have been increased to 60 g a day or more, but then modifications of the menu would not have been permanent after our departure.) We increased absorbable iron to 1.90 mg per day and not more in order to keep costs low. As both schools also received foods from charitable organizations, the increase was difficult to evaluate and most likely not elevated.
Nutrition education
Four nutrition education lessons lasting approximately 1 hour each were conducted in the intervention group during a 4-week period. The subjects' dietary practices, common eating problems, and local foods that were inexpensive and rich in iron and/or vitamin C were identified and used to develop the nutrition education lessons. One food sciences and technology engineer and two teachers gave their advice on the best way to conduct the following four lessons: 1) Functions of iron, prevalence and symptoms of iron deficiency; 2) Main sources of iron and definition of food iron bioavailability; 3) Dietary strategies to improve iron status; and 4) Motivating session to encourage girls to adopt a balanced diet rich in iron. At the end of each lesson, an easy nutrition knowledge quiz was administered to the girls divided into groups of four or five in order to verify the comprehension of the different nutrition concepts taught during the lessons. The nutrition quiz was followed by a discussion period and the distribution of small gifts, such as pens, pencils, erasers, books, bags, key-holders, photo albums, and alarm clocks, which served as motivation items.
Following baseline measurements and the 4-week nutrition education program, three follow-up interviews were conducted with each adolescent in the intervention school during the 22-week period between the 5th and 6th weeks, the 10th and 11th weeks, and the 15th and 16th weeks. These individual interviews were modeled on the Trials for Improved Practices methodology [18] and were conducted by the first author. During these interviews, one 24-hour dietary recall was obtained from each girl, and the girls were encouraged to improve their food habits. From one to three recommendations were given to the girl, and these changes were reviewed and discussed with her in order to reach an agreement. At the next interview, each participant was questioned to verify whether the agreed-upon practices had been implemented between the interviews.
General and nutrition knowledge questionnaires
The following health and socioeconomic characteristics of the participants were determined with the use of a pretested questionnaire: age, use of supplements during the last month before the study, religion, main occupation and level of education of parents, and household size. Adolescent girls were weighed and measured and the BMI was calculated. The nutrition knowledge questionnaire was developed from earlier questionnaires [19] and modeled on the methods of Guptill et al. [20] . It was administered using an open-ended format. The questionnaire included 17 questions covering the following four items of knowledge: iron-deficiency anemia (4 questions), iron (3 questions), vitamin C (4 questions), and dietary strategies to improve iron status (6 questions). Girls scored positively for knowledge if they were able to state independently the correct answers when asked. For example, a positive score was given for a question on sources of vitamin C if a girl mentioned both fruits and vegetables. The percentage of subjects with a positive score for each of the questions was compared between the groups.
Dietary assessment
The validated multiple-pass method was used to reduce memory bias [21] . Most of the foods consumed during breakfast, lunch, and dinner were weighed immediately before each meal, in addition to being inventoried during the 24-hour recalls. The majority of the main dishes consumed in both schools were prepared by the first author, which made it possible to estimate with greater precision the composition of the mixed dishes and portion sizes. Food models, portion-size models, and photographs of foods were used during the interviews to assist the subjects in quantifying their food intake. Several containers (spoons, glasses, cups, and dishes) were available.
Energy and nutrient intakes were calculated with the use of the Nutrifiq® software based on the Canadian Nutrient File [22] , the DANA-INFRE (Direction de l'alimentation et de la nutrition-Institut national pour la formation et la recherche en education) food composition table used in Benin [23] , and other unpublished African data. Benin does not have a national food composition table, and foreign food composition tables currently in use in the country have several limitations [8] . A total of 17 Beninese foods were added to the Nutrifiq® software, 9 of which (akassa, aloko, atassi, crain-crain, wagasi, gari, kluiklui, néré, yovo-doco) did not have values for zinc, vitamin B 12 , and folate. In both groups, the mean intakes at baseline and at the end of the 26-week period were based on the 48-hour recall obtained at each time period. As mentioned earlier, during the 22-week period of the study, one 24-hour recall was obtained between the 9th and 11th weeks in the control group, whereas in the intervention group, we averaged the three 24-hour recalls obtained between the 5th and 6th weeks, the 10th and 11th weeks, and the 15th and 16th weeks.
Finally, bioavailable dietary iron was calculated with the use of the model of Monsen et al. [24] , which utilizes only enhancing factors of meat-fish-poultry and vitamin C. Beard et al. [25] determined the predicted efficiency of iron absorption from each of the published bioavailability algorithms (Monsen, Hallberg, Reddy, Tseng, Barghava, and Du) [24] in religious sisters living in 10 convents around metropolitan Manila. Although none of these equations approximated the 17.2% computed iron absorption based on improvement in serum ferritin, inhibitory factors in the prediction equations either had little effect or had too large an effect on apparent iron bioavailability. As indicated by Beard et al. [25] , the median efficiency of the Monsen and Balinfy model (7.92%) was similar to the equation of Reddy et al. (6.42%), and to the most complex of the algorithms, that of Hallberg and Hulthen (6.88%), which predicts iron bioavailability using nine different variables (alcohol, ascorbic acid, calcium, coffee/tea, eggs, meat-fish-poultry, phytate, polyphenols, and soy protein). When using Monsen's method [24] , we assumed iron stores of 250 mg because the iron status selected as a basis for calculating the EAR corresponds to a serum ferritin concentration of 15 µg/L [26] . In normal adults, a serum ferritin concentration of 1 µg/L is equivalent to approximately 10 mg of storage iron [27] , or 150 mg, which is closer to the 250-mg level than to 0 mg. Food items consumed 20 minutes or more apart constituted separate meals [15] , and individual meal values for bioavailable iron were estimated with the use of the Nutrifiq® software and summed for each day.
Energy and nutrient adequacy
The estimation of inadequate intakes of energy and nutrients was carried out with the use of the Dietary Reference Intakes [26, [28] [29] [30] [31] . The average dietary energy intake was compared with the estimated energy requirement (EER), whereas the EARs were used to assess the prevalence of inadequate intakes of carbohydrates, protein, calcium, zinc, vitamin A, vitamin B 12 , vitamin C, and folate. Finally, the percentages of adolescent girls who had dietary iron intakes and absorbable dietary iron intakes lower than the recommended values were determined with the use of the probability approach with SAS software, following the suggestions of the Dietary Reference Intakes [26] .
Anthropometric measurements
The participants were weighed on an electronic load cell scale (Precision Health Scale, UC-300). Height was measured with a movable bar and a steel tape mounted on a wall. The girls were weighed and measured wearing light clothing and without shoes. BMI was calculated and was plotted on individual percentile charts developed by the National Center for Health Statistics and the National Center for Disease Prevention and Health Promotion [32] .
Hematological and biochemical measurements
The full blood count was determined by means of a hematology analyzer (Sysmex KX-21). An enzymelinked fluorescent assay (Vidas Ferritin) was used to determine serum ferritin. Serum iron was measured without deproteinization by a commercial photometric test (Ferrimat-Kit). After saturation of transferrin by the addition of iron, the same assay system was used for the determination of TIBC. Transferrin saturation was calculated expressing serum iron as a percentage of TIBC. A serum ferritin value of less than 20 µg/L is often used to indicate reduced iron stores. In the literature, cutoff values for serum ferritin that indicate depleted iron stores vary between less than 15 µg/L and 20 to 50 µg/L [15, 33] . Thus, serum ferritin values under 20 µg/L were used to indicate depleted iron stores, as suggested in a recent paper by Clark [33] . Serum ferritin, however, is an acute-phase protein that increases with inflammation or infection disorders [27] . In an attempt to adjust for the observed high prevalence of malaria and other infectious disorders, we also used a serum ferritin cutoff value between 20 and 50 µg/L [34] plus two of the following three values: low serum iron (< 11 μmol/L), high TIBC (> 68 μmol/L), or low transferrin saturation (< 20%) [15] .
Malaria screening and stool examination
For malaria screening, the blood smears were stained with Giemsa buffer solution and the number of parasites was counted in relation to leukocytes. Parasite counts were converted to the number of parasites per microliter of whole blood. Stool specimens were obtained from the girls at the same time as blood samples. A drop of Lugol's solution was applied to the first half of the split sample and isotonic solution was applied to the second in order to identify the presence of mature parasites, cysts, or eggs. Subjects with at least one stool sample in which an intestinal parasitic infection was identified were classified as positive for that parasite. The Kato-Katz technique for quantification of helminth infection was used, and the intensity of infection was expressed as eggs per gram of feces.
Statistical analysis
Statistical analyses were performed with NCSS 2004 and SAS software [35] . Sociodemographic characteristics of the two groups and the percentages of subjects with iron status indicators below the cutoff values were compared by the chi-square test. The independentsamples t-test (two-tailed) was used to compare group means for iron status indicators. A two-way analysis of variance with repeated measures was used to study the effect of the factor group (intervention vs. control) on the evolution of each nutrient. The repeated factor was the period. The linear mixed procedure of the SAS program [35] was used with a repeated statement and the covariance structure that minimizes the Akaike criterion. When assumptions of normality and homogeneity of variance were not met, the logarithmic or square transformations were used. Pairwise comparisons were made by using Fisher's LSD (least significant difference) protected. Serum ferritin had a skewed distribution; therefore, this value was log transformed for all statistical calculations. Differences between the two groups in knowledge scores and percentages of subjects with iron status indicators below the cutoff values were assessed by the McNemar test. Changes in means of iron status indicators within groups over time were assessed by paired t-tests. Analysis of covariance (ANCOVA) was used to compare means of iron status indices between the two groups. The covariates studied were age, religion, parents' level of education, and baseline knowledge of food sources of vitamin C. Finally, logistic regression analysis was used to determine whether there were differences between the groups in the prevalence of anemia, iron deficiency, irondeficiency anemia, malaria, and intestinal parasitic infections (dependent variables). Logistic regressions were adjusted for age and baseline values cited above. Statistical significance was set at p < .05.
Results
Baseline health and sociodemographic characteristics
The baseline results revealed no significant differences between the intervention and control groups in age, BMI, use of supplements during the past month, religion, parents' occupation, and household size. The majority of the parents in both groups were literate. A higher proportion of mothers of girls in the intervention group had a secondary or university degree than mothers of girls in the control group (p = .03), and more fathers of girls in the intervention group had a university degree than fathers of girls in the control group (p = .005) (data not reported).
Comparison of dietary intakes
The results of repeated-measures analysis of variance (ANOVA) showed significant group-by-time interactions for iron (dietary iron, heme iron, nonheme iron, absorbable iron) and vitamin C intakes between the two groups. Also, significant time effects were observed for dietary iron, nonheme iron, heme iron, and vitamin C intakes within the intervention group, but not within the control group (table 1). The intake of dietary iron in the intervention group improved over time: it increased by 3.4 mg from baseline to mid-intervention and by 1.6 mg at the end of the study. In the control group, dietary iron intake decreased by 1.4 mg from baseline to mid-intervention but then increased by 2.7 mg at the end of the trial, although the interaction time effect was not significant. Similar results were observed for nonheme iron, heme iron, and vitamin C. On the contrary, a significant time effect was observed within both groups for absorbable iron intakes (table 1). In the intervention group, absorbable iron intake increased by 0.6 mg from baseline to mid-intervention but then remained stable until the end of the study. In the control group, absorbable iron intake decreased by 0.1 mg to mid-intervention and then increased by 0.3 mg at the end of the study. Although there were no significant differences in iron (dietary iron, nonheme iron, and heme iron) and vitamin C intakes between the two groups at baseline, levels were significantly higher in the intervention group than in the control group during intervention and postintervention (p < .05) (table 1).
As shown in table 2, significant group-by-time interactions were observed between the two groups for energy and all the nutrients, including vitamin A, which showed borderline significance (p = .057). There were significant time effects within the two groups for energy, carbohydrate, protein, vitamin A, vitamin B 12 , and folate intakes. Significant time effects were also observed for fat, calcium, and zinc intakes in the intervention group but not in the control group. Finally, at baseline, intakes of zinc and vitamin B 12 were significantly more elevated in the control group than in the intervention group, whereas no significant differences were observed at baseline between the two groups for all the other nutrients. At mid-intervention and postintervention, there were significant differences in energy, carbohydrate, protein, calcium, and vitamin B 12 intakes between these two groups, whereas fat intake was significantly different only at mid-intervention and folate was significantly different only postintervention. As mentioned above, zinc intake was significantly higher at baseline in the control group, but although it increased in the intervention group during the study, the levels were similar in the two groups throughout the study.
Girls in the intervention group had a lower risk of inadequate intakes of iron and vitamin C at the end of the study: 1% for dietary iron, 31% for absorbable iron, and 6% for vitamin C, compared with 8%, 60%, and 32%, respectively, in the control group. Finally, there were no significant differences between the groups in the proportion of girls with inadequate intakes of energy, carbohydrate, protein, zinc, and vitamin A at the end of the study. However, we detected a significant reduction in the prevalence of inadequate intakes of vitamin B 12 and folate in the intervention group (p < .05) compared with the control group (data not reported).
Comparison of nutrition knowledge
There were no significant differences between the two groups in nutrition knowledge at baseline (p > .05) ( fig. 1) . At the end of the study, the intervention group had significantly (p < .001) higher knowledge scores (the percentage of subjects with a positive score on the questionnaire) than the control group for questions on knowledge of anemia (100% vs. 41%), the importance of iron (73% vs. 6%) and vitamin C (91% vs. 28%), iron-rich foods (94% vs. 18%), food sources of vitamin C (91% vs. 28%), and dietary strategies to decrease iron deficiency (76% vs. 12%).
Comparison of anthropometric measurements
There were no significant differences in BMI between the intervention and control groups (21.1 ± 3.3 [SD] vs. 21.5 ± 3.5, respectively), after adjustment for age and baseline values (data not reported).
Iron status indicators
Baseline iron status indices were similar in both groups. Serum ferritin changed over time in both groups. Serum ferritin increased by 4.7 µg/L from baseline to the end of the trial in the intervention group and decreased by 5.4 µg/L in the control group, although these differences were not significant within groups. However, at the end of the study, after adjustment for age and baseline values, serum ferritin was significantly higher in the intervention group than in the control group (31.7 ± 25.5±g/L vs. 18.8 ±15.5 ±g/L, p = .04).
Finally, there was a significant increase in hemoglobin from baseline to the end of the study in the intervention group (112.3 g/L vs. 122.5 g/L, p = .0002), but not in the control group (112.4 g/L vs. 113.1 g/L, p > .05) (data not reported). The baseline prevalence of low concentrations of iron status indicators was similar in both groups, except for TIBC, which was significantly higher in the intervention group, indicating a poorer iron status (table 3) . Serum ferritin values changed over time in both groups, but the pattern of change differed between groups. The prevalence of low serum ferritin decreased by 3% from baseline to the end of the trial in the intervention group (p > .05), whereas in the control group, it increased by 21% during the same period (p = .09). The prevalence of low serum iron and transferrin saturation values decreased significantly in both groups during the trial. The prevalence of high TIBC values significantly decreased in the intervention group but increased in the control group, although not significantly. The prevalence of low hemoglobin values fell significantly in the intervention group (from 100% to 32%, p < .001), compared with a nonsignificant decrease in the control group (from 100% to 85%, p > .05). Thus, the prevalence of anemia was more than two and a half times lower in the intervention group than in the control group (p = .003) at the end of the trial. At baseline, 100% of subjects in both groups suffered from anemia, iron deficiency, and iron-deficiency anemia. As shown in figure 2, anemia and iron status improved within both groups during the trial, but a much greater improvement was observed in the intervention group: 68% for anemia, 50% for iron deficiency, and 74% for iron-deficiency anemia, compared with 15%, 32%, and 44%, respectively in the control group. Finally, there were significant differences between the two groups in the prevalence of anemia and iron-deficiency anemia, but not of iron deficiency, at the end of the trial, after controlling for age and baseline status.
Comparison of morbidity indicators
At baseline, there were no significant differences between the intervention and control group in the prevalence of malaria (53% vs. 76%, p > .05) or intestinal parasitic infections (IPI) (38% vs. 62%, p > .05). At 26 weeks, a lower prevalence was observed in both groups (6% vs. 12%, p > .05) for malaria and for parasitic infections (18% vs. 23%, p >. 05, the number of persons with malaria and IPI at 26 weeks), but no significant differences existed between the groups, after controlling for age and baseline status (data not reported).
Discussion
To our knowledge, this is the first study carried out in Benin demonstrating that it is possible to make significant changes in dietary intakes of flesh foods, vitamin C, and phytate, and that these changes can improve the iron status of adolescent boarding-school girls suffering from mild iron-deficiency anemia. A significant reduction in the prevalence of anemia (68%) and iron-deficiency anemia (74%) was observed in the intervention group during the trial. More specifically, there was a significant increase in mean hemoglobin levels (10.2 g/L), a significant decrease in the prevalence of high TIBC (21%), and a nonsignificant increase in mean serum ferritin levels (4.7 µg/L), indicating an improvement of iron status. Similar increases in ferritin levels and smaller increases in hemoglobin levels have been reported in nonanemic, iron-deficient, menstruating adult women by Heath et al. [14] in New Zealand (3.7 µg/L ferritin and 0.6 g/L hemoglobin after 16 weeks, n = 22) and Patterson et al. [15] in Australia (6.3 µg/L ferritin and 3.2 g/L hemoglobin after 6 months, n = 22).
These studies resembled the present one, as they also included individual dietary counseling and followups combined with food allocation. Heath et al. [14] promoted the use of cast-iron cookware for cooking tomato-based sauces, advised a decrease in calcium and phytate intakes, and increased the consumption of vitamin C by providing each subject with a 250-mL pack of fruit juice each day and a vitamin-C fruit syrup. Patterson et al. [15] asked the participants to consume a high-iron diet containing iron-absorption enhancers and fewer inhibitors and gave the subjects meat vouchers sufficient to purchase 120 g of high-quality beef or lamb per day. Besides the positive effect of these intensive dietary programs on iron deficiency in adult women, Creed Kanashiro et al. [13] showed in 65 Peruvian adolescent girls that an educational campaign conducted by local community kitchens, combined with identification and promotion of best buys for iron over 9 months, was effective in reducing the prevalence of anemia by 1.8% in the intervention girls (n = 65) compared with the controls.
In adolescent girls suffering from mild, moderate, or severe anemia, the lower the initial hemoglobin level the greater is the increase in hemoglobin levels following iron supplementation [36] . Although the girls in the present study participated in a multidietary strategy and were not supplemented, we may expect a greater increase in hemoglobin levels in our subjects than in the nonanemic, iron-deficient, menstruating adult women studied by Heath et al. [14] and Patterson et al. [15] . Nevertheless, it is important to mention that most of our subjects (85%) had very mild irondeficiency anemia, with hemoglobin levels between 110 and 115 g/L.
At the end of the study, iron status also improved in the control group, which had a nonsignificant reduction of 15% in the prevalence of anemia and significant reductions of 32% in the prevalence of iron deficiency and 44% in the prevalence of iron-deficiency anemia.
The experience of answering the questionnaires and knowledge of the results of the biochemical measurements, particularly the second blood test, could have captured the interest of the control girls and influenced them to improve their diet. From baseline to the end of the trial, a significant decrease in the prevalence of abnormal serum iron and % transferrin saturation was observed in both the intervention and the control groups. All participants in both schools were treated initially with an anthelmintic drug and antimalarial drugs Chloroquine,® Fansida,® or Arinate® and received the same anthelmintic drug monthly thereafter and when necessary. (Girls received this drug every month or more frequently if an infection was present.) Hypoferremia is the characteristic feature of anemia resulting from infectious or inflammatory disorders [37] . The resulting decrease in infection rate almost certainly played a role in the reduction in the prevalence of abnormal serum iron and transferrin saturation in both groups [36] [37] [38] [39] [40] [41] .
It is not possible to identify which specific nutrient in this multidietary strategy was responsible for the improvement of anemia and iron status. However, the increase in both the heme iron content of the diet and the bioavailability of nonheme iron was most likely an important contributing factor. At the end of the study, the diets of the intervention adolescent girls were more diverse and of a higher quality than those of the control girls. More specifically, significant increases in mean intakes of dietary iron, absorbable iron, and vitamin C were found in the intervention girls, reflecting the adoption of our recommendation to increase intakes of animal-source foods and fruits. In addition, the diet was designed to provide approximately the target median intake of absorbable iron of 1.90 mg. The calculated amounts of absorbable iron ranged from FIG. 2. Postintervention (6-month) prevalence of anemia, iron deficiency, and iron-deficiency anemia in the intervention and control groups. a * p = .005 for anemia and p = .04 for iron-deficiency anemia.
At baseline, 100% of subjects in both groups had anemia, iron deficiency, and iron-deficiency anemia. Postintervention, logistic regression analysis controlled for age, religion, parents' level of education, and baseline knowledge concerning the food sources of vitamin C was used to test for significant differences between study groups where data from both groups were combined. NS, not significant (p > .05). a. Anemia was defined as hemoglobin < 120 g/L. Iron deficiency was defined as serum ferritin of 20 to 50 μg/L, plus two of the three following values: low serum iron (< 11 μmol/L), high total ironbinding capacity (TIBC) (68 μmol/L), or low transferrin saturation (< 20%). Iron-deficiency anemia was defined as iron deficiency Dietary intervention and iron status of adolescents 1.5 to 2.2 mg/day. The importance of animal-source foods and fruits in the diet has been emphasized in many studies where they were positively associated with improvements in general health [42] [43] [44] . In this study, besides fish, which was consumed every day for lunch (mean consumption, 10.0 ± 2.6 g), we doubled the quantities of beef, which was served twice a week (from 10.1 ± 3.1 g at baseline to 18.1 ± 4 g) and introduced liver once and then twice a week (15 ± 3.1 g). It is important to mention that the quantities of animalsource foods consumed by the intervention girls in the present study were about four times lower than those used in other similar dietary interventions [14, 15] .
Animal-source foods also provide a package of energy, high-quality protein, and readily absorbable zinc, vitamin A, vitamin B 12 , and some heme iron [45, 46] , while simultaneously enhancing zinc and nonheme iron absorption [17, 47, 48] . Fruits such as oranges and pineapples are important dietary sources of vitamin C, vitamin A, and folate. Layrisse et al. [49] found that adding 66 mg of ascorbic acid (as pineapple) to 100 g of cooked maize resulted in an absorption rate for nonheme iron of 26.8%. Thompson [4] confirms the enhancing effect of both vitamin C and animal tissue on iron absorption from the complete diet.
Several of our dietary strategies focused on reducing the level of hexa-and pentainositol phosphates, which are strong antagonists of nonheme iron absorption [50] . The strategies that were most widely practiced and were probably the most effective involved soaking and, to a lesser extent, fermenting maize before preparing it as beans or vegetables or maize pap or patties. Gibson et al. [19] showed that 50% of the hexa-and pentainositol phosphate content can be removed after soaking unrefined white Malawian maize flour for 1 hour and decanting off the excess water. Natural lactic fermentation of maize flour slurries or porridges, with or without the addition of germinated flour, can also reduce their hexa-and pentainositol phosphate content by enzymatic hydrolysis to lower inositol phosphates. The lower inositol phosphates have a much less potent adverse effect on iron [19] . In addition, in this study, adoption of the phytate reduction strategies by the intervention school most likely led to markedly lower intakes of phytate. Unfortunately, the Canadian and Beninese nutrient file used in the present study did not contain values for phytates and polyphenols.
As expected, energy and nutrient intakes changed differently over time in the two groups, even though vitamin A showed borderline significance (p = .057). In the intervention group, energy and nutrient intakes, with the exception of fat intake, increased significantly during the trial. In the control group, a significant time effect was observed for energy, carbohydrate, protein, vitamin B 12 , and folate, but the only constant improvement from baseline to postintervention was seen for vitamin B 12 . An important decrease in folate intake was seen from mid-intervention to postintervention, which was caused by an increase in the intake of ironrich foods to the detriment of folate-containing foods, as indicated by the improvement in absorbable iron intake encountered in this group at the end of the study. Two control adolescent girls were eliminated during the study (between the 9th and 11th weeks) because their hemoglobin level decreased below 100 g/L. This might have stimulated some control girls to improve their iron intake, even though their nutrition knowledge was not adequate. Finally, we observed in both groups an important increase in vitamin A intake, which was due to the introduction of mangoes in the control group and the increased consumption of fruits and lentils in the intervention group.
The marked improvement in nutrition knowledge among the intervention girls after 26 weeks most likely had a positive effect on their behavior and iron status. Indeed, changes in knowledge can have a positive effect on behavior and thus nutritional status [51] . The findings of Amani and Soflaei [51] indicate that focused nutritional education using available resources and correcting current dietary habits in a vulnerable group of young women may result in dietary changes that can ultimately improve iron intake. Nutrition education may not only improve the health of the adolescent girls but also positively influence the family and the community. In the culture of the study area, women are the only food providers and cooks in the family; it is not common for the father to be involved in cooking and food shopping, although he is an income provider in most families [52] .
Compared with a community-based dietary intervention, a boarding school-based dietary intervention has facilitated the effect of the intervention on nutrition knowledge due to the fact that adolescents were educated and lived in the same location. During this intervention, there was more contact from the first author with the intervention girls than with the control girls. However, the changes observed were not temporary, because a visit to the intervention school 3 months after the end of the trial revealed that the cafeteria menu had not changed since its modification. Iron-and vitamin C-rich foods were still served to the girls as they were during the nutrition intervention. Unfortunately, anthropometric measurements and blood and fecal samples could not be obtained at this time.
The present study is the first carried out in Benin that evaluated the impact of a multidietary strategy to treat iron-deficiency anemia in adolescent girls. The findings will be useful in other urban areas of Benin such as Ouémé and Littoral departments, where the same varieties of iron-and vitamin C-rich foods are available. In addition, comprehensive and valid data collection methods (e.g., dietary evaluation, nutrition education, etc.) promoted improvement in the iron status of the intervention girls. This is the first study conducted in Benin that used the framework developed in the Dietary Reference Intakes in order to plan the school menu. Selection bias may be a potential limitation, because the present study is based on adolescent girls in a boarding school. The fact that the intervention school was the site of a previous study assessing the prevalence of iron-deficiency anemia made the administrative personnel more responsive to the nutrition intervention. However, in the 2003 study conducted by the same authors [10] , the prevalence of iron-deficiency anemia was assessed and no nutrition intervention study was done. Thus, in our opinion, the impact on the intervention girls themselves was very limited. Moreover, only two girls participated in both studies.
In conclusion, our findings suggest that a dietary intervention that includes nutrition education and an increase in the intake of both heme iron and enhancers of iron absorption, such as flesh foods and vitamin C, while at the same time decreasing the intake of phytic acid, may improve the iron status of adolescent girls with mild iron-deficiency anemia. A visit to the intervention school 3 months after the end of the trial revealed that the cafeteria menu had not changed since its modification. According to Patterson et al. [15] , the continued improvements in iron status that they measured after the 6-month follow-up phase may result in long-term dietary modifications. Our dietary strategies also increased the intakes of carbohydrate, protein, calcium, zinc, vitamin A, vitamin B 12 , and folate, thus confirming that diversification and modification can be used to alleviate several micronutrient deficiencies simultaneously. Finally, the education campaign and materials captured the girls' interest and motivated them to change their food habits and improve their health.
In a management guide provided to medical practitioners by the World Health Organization (WHO) and the Micronutrient Initiative/UNICEF, it was suggested that the best strategy to reduce iron deficiency is dietary treatment, with additional iron supplementation for serious iron deficiency and iron-deficiency anemia. This research provides evidence of the appropriateness of these recommendations. At all levels of the population, low-cost rich food sources of iron and vitamin C identified in the present study should be promoted through farmers' markets, worksites, and the media. This nutrition education program could also be included in the school curriculum, since none exists in the Benin school system [53] . Finally, this nutrition intervention could be used to develop national guidelines for the prevention of iron deficiency.
